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Evaluation of collimated polarized light
imaging for real-time intraoperative selective
nerve identification in the human hand
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Abstract: Intraoperative peripheral nerve lesions are common complications due to
misidentification and limitations of surgical nerve identification. This study validates a real-
time non-invasive intraoperative method of nerve identification. Long working distance
collimated polarized light imaging (CPLi) was used to identify peripheral radial nerve
branches in a human cadaver hand by their nerve specific anisotropic optical reflection. Seven
ex situ and six in situ samples were examined for nerves, resulting after histological
validation, in a 100% positive correct score (CPL1) versus 77% (surgeon). Nerves were visible
during a clinical in vivo observation using CPLi. Therefore CPLi is a promising technique for
intraoperative nerve identification.
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Introduction

Perioperative peripheral nerve injuries are a known and commonly encountered complication
of surgical interventions [1]. Even when an intervention seems successful at first glance, this
could be complicated by unexpected neural injury. One of the main reasons of accidental
nerve injuries during a surgical intervention is the difficulty in distinguishing different tissue
types, such as connective tissue and nerves [2, 3]. In particular, small cutaneous sensory
branches of peripheral nerves are difficult to identify intraoperatively [4]. Kretschmer et al.
showed that the percentage of iatrogenic nerve injuries reaches 17% of the total amount of
nerve injuries reported. Their report indicates a substantial number of patients with iatrogenic
nerve injury considering the millions of operations that are performed worldwide [5].

In the hand and wrist area dense networks of sensory and motor nerves are present, which
increases the risk of perioperative peripheral nerve injuries. The function of these small nerves
is paramount in regard to the function of the hand. Transection of these branches leads to
significant morbidity in patients due to loss of sensory function [6, 7]. Rogers Jr. et al. showed
that visceral or somatic nerve injuries represent approximately 25% of all iatrogenic lesions
[8]. In orthopedic surgery, this accounted for 15% of the total medical liability claims in the
United States [9]. Therefore, improving intraoperative nerve visualization would greatly help
to reduce intraoperative accidental nerve injuries.

Currently, surgeons rely on their anatomical knowledge, blunt dissection techniques and
intraoperative neuromonitoring (IONM) combined with preoperative visualization such as
MRI, diffusion tensor imaging and ultrasonography to identify nerves [10-14]. Recent
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developments in intraoperative nerve visualization can be found in new uses of
ultrasonography, fluorescent markers and optical coherence tomography (OCT) [15-19].
However, these methods have their drawbacks; blunt dissection of nerves is not without risk,
due to the risk of traction-stretch neuropathy [10, 20]. The use of fluorescent markers is
challenging due to potential toxicity, biological side effects and ‘low’ specificity [21]. As a
result of its technical nature, OCT is a non-real-time scanning technique which is best suitable
for relatively small areas [22]. Despite these developments, a real-time non-invasive and
specific technique for nerve identification is still not available.

Recently, we showed a first proof-of-concept of a new optical concept to visualize the
nerves during surgery [23]. Under conventional illumination only minimal visual distinction
can be made between different tissue types. As such, collimated polarized light imaging
(CPLi) was used as a technique to observe the distinct collimated polarized reflection of the
nerve tissue in an animal model [23]. Nerve tissue comprises a strong anisotropic structure in
which the microtubules are oriented along the length direction of the axon which induces a
distinct rotated linear polarized optical reflection under light [23, 24].This nerve specific
polarized optical reflection can be clearly distinguished from the isotropic and anisotropic
scattering events typically observed in the surrounding tissue types. The use of polarized and
collimated illumination enabled a maximal signal intensity of the nerves, which is vital to
maintain a long working distance needed for a real-time surgical intervention. The aim of this
study is to adapt and validate the CPLi technique to a system that allows non-invasive nerve
visualization in a real-time intraoperative setting in human tissue.

Material and methods
Imaging system and operation

A ‘standard’ stereo microscope (Olympus SZ3060 series clone) was modified according to the
working principle disclosed in our previous publication (Fig. 1) [23]. Figure 1 shows an image
of the CPLi modified microscope, which comprises a polarization unit with a rotatable disk
consisting of an adhesive linear sheet polarizer (P200A, wavelength: 380 ~700 nm obtained
from 3Dlens.com) on the outer rim of the transparent polarizer disk and a separate rotatable
inner linear imaging polarizer (B + W). The two LED light sources (3W Cree, UltraFire)
contain an adjustable collimation lens. As described in our previous work, the optimal
identification of nerve tissue is performed under dynamic rotation of the optical polarizers
with respect to the nerve tissue orientation. Therefore, the polarization unit is continuously
rotated upon nerve identification, while keeping both polarizers in perpendicular position in
respect to each other. Image acquisition was performed from a distance of + 20 centimeters
from the region of interest (ROI) using a scientific camera (ToupCam LCMOS03100KPA)
adapted for imaging through the microscope’s ocular.
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Fig. 1. The stereo microscope with the polarization unit attached underneath (red box). (1) The
outer rim of the polarizer disk with a linear polarizer that is aligned perpendicular to the inner
linear polarizer (2). 3W Cree LEDs are mounted on each side (3) both equipped with an
adjustable collimation lens (4). On top the microscope camera (5) is mounted on the site of the
left ocular.

Cadaver tissue

The tissue used for this experiment was a defrosted, fresh frozen human cadaver arm, obtained
through the body donation program of the department of Anatomy, Embryology and
Physiology at the Academic Medical Center, Amsterdam. The region of interest (ROI) in this
study was the dorsoradial part of the hand, more specifically around the superficial branches
of the radial nerve around the anatomical snuff box (tabaticre region, Fig. 2).

Extensor retinaculum

Superficial branch of
radial nerve

Radial artery in
anatomical snuff box

Tendon of abductor

>
pollicis longus
\J A
LA ‘/g&» X/ Tendon of extensor
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Fig. 2. Illustration of the tabatiére region in the human hand.
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Effect of freezing on nerves

Potential negative tissue alteration effects on the optical properties due to freezing and
defrosting, in particular for nerve tissue was examined using fresh pig tissue (Sus scrofa)
obtained from a specialist butcher. Nerves at the joint (wrist) area of the leg were observed
using CPLi (Appendix 1).

Visualization and acquisition of cadaver tissue

The observations during the experiment were performed by two persons; the surgeon who
exposed the tissue using conventional illumination and an operator who assessed the optical
characteristics of the tissues by means of the CPLi. The CPLi operator had ample previous
experience with image recognition in chicken tissue using CPLi.

An incision in the skin over tabatiére was used to expose the subcutaneous tissue for
imaging. Different parts of the superficial subcutaneous ROI were imaged under conventional
surgical illumination, followed by image acquisition using the CPLi system, to make a
comparison between normal visualization by eye and CPLi of the exposed, superficially
located nerve tissue (Fig. 3).

Subsequently, the area underneath the extensor retinaculum around the tendinous sheath of
the abductor pollicis longus and extensor pollicis brevis muscles and the tendinous sheath of
the extensores carpi radialis were further exposed, to study the deeper-lying anatomical
structures in greater detail. The area around the wrist joint (articulatio radiocarpea) was also
exposed for larger structures, i.e. the radial artery, larger branches of the radial nerve and the
tendons passing through the aforementioned tendinous sheaths.

After the aforementioned incisions were made and ROIs were exposed, the surgeon
selected thirteen sites which according to anatomical references potentially contained nerve
tissue. Particularly sites which could contain connective tissue and blood vessels in addition to
nerve tissue were selected to compare the optical behavior of the tissues. The surgeon
subsequently assessed whether the selected sites actually contained nerve and/or other tissues.
The surgeon removed tissue from seven sites for independent ex situ assessment using the
CPLi system. Subsequently, the surgeon appointed the remaining six sites to be observed in
situ by CPLi. The CPLi operator, blinded to the assessments of the surgeon, independently
recorded dichotomously whether the samples/sites contained nerve tissue or not, followed by
histological verification by an independent pathologist.

Histological evaluation

Histological evaluation of the thirteen tissue samples was performed to confirm the presence
or absence of nerve tissue at the department of Pathology using standard clinical
histopathological methods. We considered this the gold standard. The results of the tissue
samples obtained with in situ examination by eye or via the CPLi system were not disclosed to
the pathologist in order to obtain non-biased results.

Preliminary in vivo observations

After the observations in cadaver tissue, preliminary observations were performed in vivo on
one patient using CPLi during a surgical intervention at the carpometacarpal joint for chronic
pain relief.

Results

Examination of the nerves of the unfrozen and thawed pig tissue, resulted in no alteration of
the observed anisotropic optical reflection of the nerves after freezing (Appendix 1).

Tissue identification by the surgeon, CPLi and histopathology are presented in Table 1.
Intraoperative identification of nerve tissue by the surgeon was accurate in ten of the thirteen
samples (77%) as compared to histopathology. Intraoperative identification using CPLi was
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correct in 100% of the samples regarding the presence of nerve tissue, as confirmed by
histopathological examination.

Table 1. Comparison of the presence of nerve tissue

Sample Tissue type according to  Presence of nerves Pathologist
surgeon according to CPLi
(yes/no)

1 Blood vessels yes Nerve tissue, blood
vessels

2 Nerve tissue yes Nerve tissue, adipose
tissue

3 Fascia, connective tissue ~ No Adipose tissue,
connective tissue

4 Tendon No Tendon

5 Blood vessel No Blood vessel

6 Possible nerve tissue yes Nerve tissue

7 Possible nerve tissue yes Nerve tissue

8 Nerve tissue yes Nerve tissue

9 Fascia No Connective tissue

10 Tendon No Tendon

11 Nerve tissue yes Nerve tissue

12 Blood vessel No Blood vessel

13 Nerve tissue, fascia yes Nerve tissue

CPLi: Collimated polarized light imaging
Macroscopical observations of human cadaver tissue

The images in Fig. 3 show the observations as assessed during the surgical intervention by eye
and with the CPLi system. Figure 3(A) shows the superficial subcutaneous tissue under
conventional surgical illumination after opening the skin at the dorsoradial part of a human
hand (tabatiere region). Figure 3(D) shows the deeper-lying subcutaneous tissue.
Conventional illumination allowed only minimal visual distinction of the different tissue
types; only the blood vessels (indicated by the red arrows) could be clearly distinguished by
their color. Visualization using the CPLi system revealed tissues possessing a clear
anisotropic optical signature as illustrated in Figs. 3(B), 3(C), 3(E) and 3(F). These tissue
structures indicated by the black arrows show a distinct ‘on and off” switching of the optical
reflection with every 45° rotation of the polarization unit (red box, Fig. 1) with respect to the
orientation of the tissue. This ‘on and off” switching upon dynamic rotation of the polarization
unit is a unique feature of nerve tissue, confirming the presence of a nerve at these sites
surrounding the blood vessel [23]. The blue arrows in Figs. 3(B), 3(C), 3(E), 3(F) indicate
tissue structures which remain unchanged in contrast to the nerve tissue. The yellow arrows
shown in Figs. 3(C) and 3(F) point at nerves that have optically nearly disappeared compared
to Figs. 3(B) and 3(E) upon rotation of the polarizer unit. The size range of the
aforementioned nerves observed in Fig. 3 is less than 1 mm in width (the scale bar represents
5 mm).

Tissue identification of larger anisotropic tissue structures can sometimes be mistaken
under normal visual identification as well. Therefore also the larger elongated structures (3 — 4
mm in width) were examined with the CPLi system. Figures 3(G) and 3(J) show tissue around
the dorsal area of the wrist and forearm (articulatio radiocarpea). In Fig. 3(G) two elongated
tissue structures are shown under conventional surgical illumination (yellow arrows), where
both these elongated tissue structures have a white appearance. Further examination using the
CPLi system (Fig. 3(H)) reveals a pearlescent appearance for the upper structure (blue arrow)
while the lower structure (black arrow) exhibits a diffuse white appearance. Upon dynamic
rotation of the CPLi system the upper structure maintains its pearlescent appearance while the
lower structure reveals the nerve specific ‘on and off” switching of the white reflection (Fig.
3(I)). Therefore, based on the anatomical location and the optical properties observed, the
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structure with a pearlescent appearance is identified as a tendon of the extensor carpi radialis
longus muscle, whilst the lower structure is identified as part of the dorsal digital nerve of the
radial nerve.

To assess the contrast in anisotropic optical effects between the different structures,
multiple sites around the aforementioned tabatiére region were observed during the surgical
intervention; this also revealed areas with nearly no anisotropic optical effects. Figure 3(J)
shows an example of the area around the deeper situated radial artery at the tabatiére region
using the CPLi system. No clear difference of the polarized reflection upon dynamic rotation
of the CPLi system was observed here, indicating the absence of nerve tissue at this site (Figs.
3(K), 3(L)).

In the supplemental material, videos illustrating the real-time nerve specific ‘on and off’
switching of the nerves on the superficial subcutaneous tissue (Figs. 3(B), 3(C)), deeper lying
tissue (Figs. 3(E), 3(F)), and nerves in comparison with the larger (tendinous) structures (Figs.
3(H), 3(I)) can be found. The first video (Visualization 1) clearly shows the appearing and
disappearing of the white strands pointed out in Figs. 3(B) and 3(C) (black and yellow
arrows). The second video (Visualization 2) show the appearance and disappearance of
numerous small white strands, surrounding the red blood vessel and in the surrounding fatty
tissue. Lastly the third video (Visualization 3) illustrates the difference in optical behavior of
tendons versus the nerves. The tendon has a distinctly different pearlescent appearance which
behaves differently from the ‘on and off” switching of the adjacent nerve.
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Fig. 3. A-F. The incision exposes the subcutaneous tissue at the dorsoradial part of a human
hand near the tabatiére region. (A,D): Using conventional surgical illumination, the blood
vessel can be clearly distinguished from other (connective) tissue, at the exposed superficial
and deep-lying subcutaneous tissue. (B,E): Observing the same ROI using CPLi (see
Visualization 1 and Visualization 2), reveals a bright white reflection of the nerves (black
arrows) which are less than 1 mm in width. (C,F): The cross polarizers are rotated 45° with
respect to the position of the cross polarizers in figures B and E. This results in a reduction of
the optical reflection of the nerve tissue depicted in B and E, representing the ‘switched off
state’ (yellow arrows). In contrast other nerves are now visible in C and F (black arrows)
because of their different orientation relative to the orientation of the polarizers in B and E. At
the blue and red arrows no clear difference is observed which indicates the absence of nerve
tissue. Figure 3G. The two elongated structures are shown at the articulatio radiocarpea on the
dorsoradial hand. Under conventional illumination, the two elongated tissue structures
designated with the yellow arrows possess a nearly identical optical appearance. (H): Using
CPLi (see Visualization 3) the upper elongated (blue arrow) structure reveals a pearlescent
appearance and can be identified as the tendon of the extensor carpi radialis longus whilst the
lower elongated structure (black arrow) shows an oriented white reflection which indicates a
branch of the digital dorsal nerve of the radial nerve. (I): Compared to panel H the
characteristic ‘on and off” switching of the polarized reflection of the nerve tissue is apparent
upon rotation of the polarizer unit, as the white reflection in panel I is reduced. The tendon
however, retains the same pearlescent appearance. Figure 3J. The red arrow in both pictures
marks the radial artery located between the thumb and the index finger. The radial artery at the
red arrow in panel K shows no clear difference in optical reflection upon dynamic rotation of
the polarization unit compared to panel L.

Preliminary in vivo observation in human tissue

Based upon the observations in cadaver tissue, the use of CPLi was explored in vivo. With
consent of the patient, the area around the carpometacarpal joint was observed for presence of
nerve tissue during a surgical intervention for relief of chronic pain. It was confirmed during
this operation that the anisotropic optical signature of nerves was also visible in vivo. This is
shown in Fig. 4 in which the nerve specific 'on and off” switching was observed at a region
with various different tissue structures which were in close proximity of each other, difficult
to identify by eye. Upon dynamic rotation of the polarization unit of the CPLi system (Fig. 1)
the vertical structure indicated by the blue arrow appears brighter in Fig. 4(B) versus the same
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in Fig. 4(A), whilst the opposite is observed for the oblique structure pointed by the green
arrows, indicating the presence of nerve tissue.

~ Rl

Samm

Fig. 4. The blue arrow highlights a vertical structure (A), which appears whiter after rotating
the polarizers (B). The opposite occurs at the oblique structure (green arrow) indicating nerve
tissue.

Discussion

One of the main reasons of accidental nerve injuries during a surgical intervention is the
difficulty of visual identification of the different tissue types encountered [2]. Fresh frozen
human tissue was suitable for this experiment, due to the fact that freezing had no adverse
effect on the anisotropic optical reflection of the nerve tissue of the thawed pig tissue. The
results of the first CPLi observations in human (cadaver) tissue have shown that it is possible
to identify human nerves in real-time and with greater reliability than by normal visual
identification by the surgeon. In contrast to for example OCT, CPLi does not need any image
processing afterwards to create an image of the ROI and can also image a much larger area at
one time. The long working distance of our CPLi system avoids physical/mechanical contact
with the nerves during identification as opposed to ultrasound or IONM. This prevents
unnecessary damage to nerves due to traction on the nerves during identification [10]. In
addition, the long working distance between the CPLi system and the patient makes the
system suitable for surgical interventions in deeper structures, such as the tendinous sheath of
the wrist which is opened in case of de Quervain tendinopathy [10]. In this area it is
particularly challenging to visually distinguish the nerves from other surrounding tissue types
under conventional surgical illumination. A clear example in our cadaver experiment where
nerves could be spared is in the subcutaneous tissue, where nerve tissue is easily mistaken for
connective tissue by eye under conventional surgical illumination. This is a type of structure
which, according to the surgeon, is often inadvertently cauterized. These small ‘hidden’
nerves are typically prone to accidental nerve damage during surgical interventions as they
cannot be identified by eye under conventional surgical illumination. Therefore our CPLi
system is suitable in preventing unnecessary nerve damage in a wide variety of surgical
interventions in which nerve preservation is vital.

Future improvements will focus on increasing the field of view of CPLi, even though it is
already larger than that of OCT (square centimeters vs square millimeters), to further expand
its clinical applicability. The preliminary results of observations using CPLi in a live patient
seem promising. Additional in vivo CPLi observations in a larger patient cohort will be
conducted to compare the optical behavior of nerve tissue between patients and during
varying surgical conditions.
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Conclusion

The results of CPLi on human cadaver tissue at the dorsoradial side of a human hand have
shown the feasibility of using the unique anisotropic optical properties of nerve tissue for real-
time non-invasive identification. CPLi proved to be a fast and reliable technique when
comparing CPLi with conventional inspection under customary surgical illumination. Using
CPLi, it was possible to identify nerves in real-time with a 100% positive score rate. The in
vivo observations during an actual operation using the CPLi system confirm the ex vivo
observations. The CPLi system has shown clear potential to improve the identification of
nerves during a surgical intervention.

Appendix 1: optical behavior of nerve tissue after freezing and thawing

For this study the effect of freezing on the optical behavior of nerve tissue had to be
determined, due to the fact that the human tissue necessary for the experiment was not
chemically conserved. Instead the tissue was preserved by freezing. Therefore the possible
consequences freezing have on the anisotropic optical properties of nerves had to be
determined.

It is known that freezing and thawing tissue has negative implications for the cellular
structure. The rate at which the nerve tissue is frozen, also determines where the formation of
ice crystals occurs. In most soft tissue cells, slow freezing does not cause gross membrane
rupture [25].

The study by Zhu et al. further confirmed that that slowly freezing and fast thawing
produces the least amount of damage to the nerve tissue, such as demyelination, axon
exposure or discontinuity [26].

The temperature at which the nerve tissue is stored influences the amount of cellular
damage. The least amount of changes occur between —5 and —10°C, however below —15°C
results in ruptures in the myelin and separation of the lamellae [27-28].

To study the effect of freezing a substitute for human tissue in the form of pig tissue (Sus
scrofa) has been used. Pig tissue that has never been frozen, has been used as our control. A
site was selected that revealed the characteristic nerve specific anisotropic optical reflection,
i.e. the ‘on and off” switching of nerve tissue using CPLi. Images of this site were made (Fig.
5) prior to freezing. The site was then marked and assessed again after the tissue had been
frozen and thawed (Fig. 6).
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Fig. 5. (A) Prior to freezing, the structures marked with the black arrows appear white
indicating that the nerves are oriented 45° to the cross polarizers. (B) The same areas marked
with the yellow arrows now appear to be translucent, when aligned with either one of the cross
polarizers.
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Fig. 6. (A) The same region of interest after freezing and thawing, the structures marked with
the black arrows appear to be bright white indicating that the nerves are oriented 45° to the
cross polarizers. (B) The same areas marked with the yellow arrows now appear translucent,
when aligned with either one of the cross polarizers. The tissue at the blue arrows in both
images remains unchanged, indicating that it does not consist out of nerve tissue.

Images prior and after freezing and thawing show similar results on a macroscopic level
using CPLi.

Validation of the observed tissue was performed using conventional polarization
microscopy (PLM). Figure 7 shows the tissue under the polarization microscope. The
anisotropic properties of the nerve tissue are clearly observable. When the nerve is parallel to
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one of the cross polarizers, the polarized reflection is not observable. When rotated to 45°, a
clear polarized reflection is observable. This clearly distinguishes the nerve tissue from the
surrounding connective tissue.

Fig. 7. (A) A sample identified as a nerve under conventional polarized light microscopy. The
nerve is parallel to one of the cross polarizers, therefore the polarized reflection is not visible.
(B) The nerve is rotated 45° to the polarizers, revealing an orange appearance, i.e. the nerve
specific anisotropic optical reflection.

The results of the PLM confirm the presence of nerve tissue on a microscopic level,
confirming the macroscopic observations. Therefore it was justified to use fresh frozen human

tissue, due to the fact that freezing and thawing does not affect the characteristic nerve
specific anisotropic optical reflection.
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